Abstract: Anionic comb polyelectrolytes containing 2-acrylamido-2-methyl-Npropane sulfonate groups both in the mainchain and in the grafts were prepared by activators generated by electron transfer atom transfer radical polymerization (AGET ATRP). The synthetic route included AGET ATRP copolymerization of 2-acrylamido-2-methyl-N-propanesulfonic acid (AMPS) and 2-hydroxyethyl acrylate (HEA) followed by modification of HEA units in the copolymers by 2-bromoisobutyryl bromide yielding macroinitiators which served for "grafting from" AGET ATRP of AMPS. Composition of the final and intermediate products was determined by 1 H-NMR spectroscopy, and molecular weight and polydispersity of the resulting polyelectrolytes were estimated by size exclusion chromatography (SEC). Anionic comb polyelectrolytes with relatively low density of the grafts (5 -7 grafting sites per 100 monomeric units of the mainchain) and relatively short side chains (9 or 25 AMPS units) were synthesized and characterized.
Introduction
Polyelectrolytes of well-defined molecular architecture including linear [1, 2] , branched [3] [4] [5] , brush [6] [7] [8] [9] , and cross-linked [10, 11] , are of significant scientific and industrial importance and have recently attracted the interest of various research groups. Beside others, anionic polyelectrolytes containing carboxylic [1, 2, 12] and sulfonate [1, [10] [11] [12] functionalities have been elaborated and used for various applications. Modern strategies of the synthesis of polyelectrolytes of well-defined structure include well-controllable synthetic processes, in particular, nitroxide-mediated radical polymerization, NMRP [13, 14] , atom transfer radical polymerization, ATRP [7, [15] [16] [17] [18] , reversible addition-fragmentation chain transfer polymerization, RAFT [1, 2, 12, 19, 20] , and ring-opening metathesis polymerization, ROMP [21] , as chemical tools for advanced macromolecular engineering. Direct synthesis of strong or weak polyelectrolytes by the aforementioned techniques is still challenging despite significant progress achieved in the past decade. The main concern in this type of systems has been the stability of controlling agent (NMRP, RAFT) or metal complexes (ATRP) which are sensitive to acidic environment. If a direct polymerization route of a particular ionic monomer by controlled/living radical polymerization, CLRP, is complicated or impossible, one has to consider postpolymerization modification of polymer precursors bearing desired functional groups, which includes quaternization, sulfonation [22] and "click" chemistry strategies [23] [24] [25] . Practical application of polyelectrolytes and polyelectrolyte-based materials includes (i) ion-exchange materials [26] [27] [28] , (ii) membranes [11, 29, 30] , (iii) stimuliresponsive materials [10, 15, 16, [31] [32] [33] [34] , etc.
Polymers with complex molecular architecture, including branched [35] and hyperbranched [36] polymers, dendrimers [37] , polymer stars [38] , and polymer brushes [39] , are indispensable for many applications. In many cases, co-monomers used for the preparation of such polymers differ by chemical structure (polarity, hydrophilicity, etc.) which results in heterogeneity of the system. This situation taking place during CLRP from various macroinitiators was thoroughly studied and described by Charleux, Matyjaszewski and Cunningham [40, 41] .
ATRP is perspective and, probably, the most widely used approach to synthesize polyelectrolytes with various structural and compositional features [42] . Many different techniques of ATRP were developed and applied for the synthesis of various polymers including polyelectrolytes during the last years as was recently reported by the Matyjaszewski group [43] . Techniques of ATRP differ mainly by activation mechanism and include, besides conventional ATRP [44] , simultaneous reverse and normal initiation (SR&NI ATRP) [45] , activators generated by electron transfer (AGET ATRP) [46] , activators regenerated by electron transfer (ARGET ATRP) [47] and initiators for continuous activator regeneration (ICAR ATRP) [48] . The use of one or another technique is related mainly to the possibility to avoid undesirable side reactions or deactivation process.
Among aforementioned ATRP techniques, the AGET approach was one of the most successful enabling to prepare macromolecules containing segments (or blocks) of various chemical nature (hydrophilic, lipophilic, ionogenic) [49] without side reactions even in aqueous media. The general mechanism of AGET ATRP is shown in Scheme 1.
Scheme 1. Mechanism of AGET ATRP process.
To date, strong polyelectrolytes with high content of sulfonate groups were synthesized mostly by free radical polymerization. The application of ATRP was limited because of undesirable protonation and deactivation of the ATRP catalyst. It was found later, however, that neutralization [4] of the monomer (transformation of -SO 3 H to -SO 3 -X + , where X + = metal ion) made typical ATRP processes possible giving reasonable control over the process.
In the present work, we report ATRP synthesis of anionic polyelectrolytes based on 2-acrylamido-2-methyl-1-propanesulfonic acid, AMPS, as a main building monomer, and 2-hydroxyethyl acrylate, HEA, as a comonomer and a source of active sites for step-by-step macromolecular construction. Modification of HEA units of initial copolymer was carried out by 2-bromoisobutyryl bromide yielding macroinitiators, which served for grafting of polyAMPS side chains.
Results and discussion
AMPS-HEA-based comb polyelectrolytes were synthesized through three stages: (i) copolymerization of AMPS and HEA under AGET ATRP conditions, (ii) modification of HEA units in the above copolymers yielding poly(AMPS-co-BHEA) macroinitiators, and, finally, (iii) grafting polyAMPS side chains by AGET ATRP yielding comb polyelectrolytes poly(AMPS-co-BHEA-graft-AMPS). The synthetic pathway leading to comb polyelectrolytes poly(AMPS-co-BHEA-graft-AMPS) is presented in Scheme 2.
Scheme 2. Synthetic route for the preparation of comb polyelectrolytes poly(AMPSco-BHEA-graft-AMPS).
It should be noted that AMPS units in the copolymers were in the form of sodium salt (sodium 2-acrylamido-2-methyl-1-propanesulfonate). The copolymerization of AMPS and HEA was carried out at 25 °C. The reaction time was different and depended on composition of the monomer feed. The molar ratio of the monomers to initiator EBB under AGET ATRP was 200. The reaction rate of the monomer mixture rich in AMPS (AMPS:HEA = 90:10) was moderately fast resulting in 67% conversion of the monomers within 10 hours. Viscosity of the reaction mixture was growing slowly and steadily which enabled the prediction of conversion of the monomers. Copolymerization of the monomer mixture AMPS:HEA = 70:30 mol% was slower and gave the same conversion within 18 hours while copolymerization of the equimolar monomer mixture was very slow, and 25% conversion of the monomers was reached only after 24 hours; further increase in the reaction time did not augment conversion. Linear copolymers poly(AMPS-co-HEA) synthesized from AMPS-rich monomer feeds contain lower amount of AMPS units compared to the composition of the monomer mixture. In contrast, the composition of the copolymer poly(AMPS-co-HEA) synthesized from the equimolar monomer mixture does not differ from the composition of the monomer feed. Apparently, the difference between composition of poly(AMPS-co-HEA) and composition of the monomer feed decreases when the amount of AMPS in the monomer feed approaches 50 mol%. These results suggest that the reactivity ratios of both AMPS and HEA in copolymerization are less than 1, and that the azeotropic point in this system is at around an equimolar mixture of the monomers.
The macroinitiators poly(AMPS-co-BHEA) were synthesized by chemical modification of HEA units of poly(AMPS-co-HEA) with 2-bromoisobutyryl bromide. Composition and molecular weight parameters of the macroinitiators are presented in Table 1 . The data received from 1 H-NMR spectra revealed that the degree of substitution of HEA units by BBB was 5%, 12.9% and 14.3% for M 90/10 , M 70/30 and M 50/50 , respectively. A rather low degree of substitution of HEA units could be explained by several reasons. The first one is related to ionogenic nature of AMPS (or sodium AMPS): negatively charged -SO 3 -groups present in close vicinity to HEA units impair electrophilic attack of BBB. Moreover, neighboring solubilized AMPS units may sterically obstruct an interaction between reactive hydroxyls of HEA units and bulk 2-bromoisobutyryl bromide. Another reason could be related to certain heterogeneity of the system arising under partial precipitation of the polymer during chemical modification. The second explanation is even more plausible since aggregation of the molecules hides most hydroxyl groups of the polymer and makes them inaccessible for further attacks of BBB.
Considering that HEA units constituted a minor part of the copolymers poly(AMPSco-HEA), the number of initiating sites of the macroinitiators was rather low, namely, about 1, 5 and 7 per 100 monomeric units for M 90/10 , M 70/30 and M 50/50 , respectively (Table 1) .
AGET ATRP of AMPS from macroinitiator poly(AMPS-co-BHEA) was carried out in a similar way as it was done under copolymerization of AMPS and HEA but DMF was used instead of Py as a solvent because of better solvating capability. The molar ratio of AMPS to initiating sites of the macroinitiator was 30 (M 70/30 ) and 90 (M 50/50 ). Quantitative analysis of the comb polyelectrolytes poly(AMPS-co-BHEA-graft-AMPS) by 1 H-NMR spectroscopy revealed that the content of AMPS units during graft copolymerization increased (Table 1) , i.e. polymerization of AMPS from the macroinitiator took place. Calculations based on the content of AMPS units and the number of initiating sites showed that the average length of polyAMPS grafted chains was rather short, i.e. grafted chains contained about 9 and 25 monomeric units in C 70/30 and C 50/50 , respectively. Considering the length of the grafted chains, one can conclude that conversion of the monomer during graft polymerization was about 30%. SEC eluograms of the linear copolymers poly(AMPS-co-HEA) as well as of the macroinitiator and the comb polyelectrolyte are presented in Fig. 2 . All copolymers were characterized by unimodal molecular weight distributions (MWD) which were moderately narrow. Experimental number-average molecular weight (M n ) of the linear copolymers was 3 to 7 times higher compared to theoretically calculated M n and reached 60 000-90 000 (Table 1) . Polydispersity (PDI) of the linear polyelectrolytes was close to M w /M n ~ 2 which could be considered as rather high for controlled ATRP process. Larger molecular weight than expected and relatively high polydispersity of the products indicated that part of the chains lost livingness during copolymerization, while the remaining chains had a possibility to grow further because of the shifted ratio of monomer to living chains. A partial loss of livingness is likely associated with side reactions taking place during propagation; side reactions are promoted by aqueous medium and high ionic strength. Disproportionation of Cu(I) complexes in solvents like pyridine is unlikely [51] . Surprisingly, molecular weight of the macroinitiators poly(AMPS-co-BHEA) was found to be 1.2 -1.7 times lower compared to corresponding linear copolymers (Table 1) . Theoretically, changes in molecular weight during chemical modification of polymers through their functional groups are minor except for the cases when modification induces cleavage or cross-linking of a polymer. Partial modification of hydroxyl groups in HEA units of the copolymers by EBB should slightly increase molecular weight (Table 1 , M n,theor ). A decrease in molecular weight of poly(AMPS-co-HEA) during chemical modification is likely apparent and can be explained by compactization of the macromolecules which become more hydrophobic under attachment of 2-bromoisobutyryl functionality. This hypothesis was partly confirmed during the third step of the synthesis: comb polyelectrolytes containing hydrophilic sulfonate groups in the side chains were characterized by relatively high apparent molecular weight (Table 1) . Apparent molecular weight (M n,SEC ) of the comb polyelectrolytes was 2.5 -3.5 times higher compared to calculated values but correlated well with the number and length of the grafted chains.
Thus strong anionic comb polyelectrolytes were synthesized using two-step AGET ATRP of sodium 2-acrylamido-2-methyl-N-propane sulfonate. These polyelectrolytes can be identified as grafted copolymers carrying permanent negative charge both in the mainchain and in the side chains. Anionic comb copolymers with permanent charge are particularly suitable as model polyelectrolytes for investigating adsorption of negatively charged polymers with complex architecture on planar surfaces carrying positive charge.
Conclusions
Anionic comb polyelectrolytes containing sulfonate groups both in the mainchain and in the grafts were synthesized for the first time. Aqueous AGET ATRP of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and of the mixture of AMPS with 2-hydroxyethyl acrylate (HEA) was poorly controllable resulting in moderately polydisperse linear polyelectrolytes with higher molecular weights than expected. Monomeric units of HEA in the copolymers were modified by 2-bromoisobutyryl bromide yielding the macroinitiators which served for "grafting from" AGET ATRP of AMPS. Number of initiating sites in the macroinitiators was up to 7 per 100 monomeric units. Anionic comb polyelectrolytes with relatively low density of the grafts and relatively short side chains (9 or 25 AMPS units) were synthesized and characterized. 
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Experimental part
Materials
2-Acrylamido-2-methyl-N-propanesulfonic acid (AMPS; Aldrich, 99 %), sodium hydroxide (NaOH; Aldrich, 97 %), copper (II) bromide (CuBr 2 ; Riedel de Haen, 99 %), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA; Aldrich, 97 %), ethyl 2-bromoisobutyrate (EBB; Aldrich, 98 %), L-ascorbic acid (LAA; Aldrich, 99 %), 2-bromoisobutyryl bromide (BBB; Aldrich, 98 %) were used as received. N,NDimethylformamide (DMF; Fluka, 99.8 %), methanol (MeOH; ChemoPur, 99.8 %), pyridine (Py; Merck, 99.5 %) were used optionally as solvents. 2-Hydroxyethyl acrylate (HEA; Fluka, 97 %) was purified before use by the method similar to that described elsewhere [18] . Briefly, HEA was dissolved in water, the aqueous solution was extracted with hexane to remove diacrylates and concentrated by rotary evaporation, and the residue was passed through a silica column to remove a stabilizer and traces of acrylic acid. Freshly purified HEA was used for copolymerization.
Synthesis
-Linear copolymers poly(AMPS-co-HEA) AGET ATRP of AMPS and HEA yielding linear copolymers poly(AMPS-co-HEA) was carried out in organic/aqueous media. AMPS (4 g, 19.30 mmol) and NaOH (0.77 g, 19.30 mmol) were dissolved in 7 mL of water at intense stirring. The solution was cooled in an ice-bath, and pH of the solution was adjusted to 7-8. Then the calculated amount of HEA and 7 mL Py were introduced. After that HMTETA (52.5 μL, 0.193 mmol) and CuBr 2 (0.0431 g, 0.193 mmol) were added and the mixture was degassed with nitrogen flow for 30 min. Then EBB initiator (14.2 μL, 0.096 mmol) was introduced and the solution was additionally degassed for 10 min at intense stirring. After addition of LAA (0.017 g, 0.096 mmol), the reaction tube was sealed and placed into a thermostat. The process was terminated by cooling the reaction tube and air purging through the reaction mixture.
The reaction mixture was intensively dialyzed for 2 days using Visking (SERVA Electrophoresis GmbH, Germany) dialysis membrane (MWCO 1-2×10
3 ) against distilled water, and then concentrated until solid residue by rotary evaporation. The raw product was dissolved in methanol followed by solvent removal by rotary evaporation, and the purified polymer was dried at ambient temperature and further in a vacuum-oven to constant weight.
Theoretical number-average molecular weight M n,th of the copolymers was calculated using equation (1) assuming that the polymerization rate of both monomers is the same rate: The linear copolymers poly(AMPS-co-HEA) were identified as "P" series where indices at P indicated the ratio AMPS/HEA in the monomer feed (P 90/10 , P 70/30 and P 50/50 ). 1 H-NMR spectra of poly(AMPS-co-HEA) are presented in Figure 1 . Spectral characteristics of the linear copolymers and the data of elemental analysis are presented below. -Macroinitiators poly(AMPS-co-BHEA)
Poly(AMPS-co-HEA) was dissolved in a mixture of dried DMF and Py (80:20 by volume for P 90/10 , and 50:50 by volume for P 50/50 ), cooled to 0 °C, and BBB with 10 % excess with respect to the theoretical value was slowly added at intense stirring. To prevent acidolysis reaction, Py was used as a co-solvent to integrate HBr into pyridinium salt. The reaction mixture was continuously stirred at 0 o C for 3 hrs followed by stirring for 21 h at room temperature.
After removal of pyridinium salt by filtration, the polymer solution was extensively dialyzed against water for 48 h, then the solution was concentrated by rotary evaporation, and the raw product was dried in a vacuum oven. Further purification included dissolution of the polymer in methanol and passing the solution through a silica gel column. Solvent was removed by rotary evaporation, and the purified polymer was dried in a vacuum oven at ambient temperature until at constant weight. Prepared macroinitiators were identified as "M" series in the same way as was used for the "P" series (M 90/10 , M 70/30 and M 50/50 ). -Polyelectrolytes poly(AMPS-co-BHEA-graft-AMPS) Synthesis of comb polyelectrolytes poly(AMPS-co-BHEA-graft-AMPS) was carried out via the "grafting from" AGET ATRP procedure. Briefly, equimolar amounts of AMPS and NaOH were dissolved in minimal amount of water at ambient temperature and intense stirring. The pH of the solution was adjusted to 7-8. After that HMTETA and CuBr 2 were added, and the mixture was degassed with nitrogen flow for 30 min.
In another vial the macroinitiator was dissolved in 5 mL of DMF, and the solution was degassed with nitrogen flow for 30 min. Poly(AMPS-co-BHEA) solution was combined with the monomer/catalyst mixture, and the reaction mixture was additionally flushed with N 2 flow for 20 minutes. Finally, the reducing reagent LAA was rapidly added, and the reaction was carried out at ambient temperature for up to 24 h at continuous stirring. The polymerization was stopped by cooling the mixture in an ice bath before opening the reaction flask. The product was purified via intense dialysis of the reaction mixture against distilled water. Solution of the purified polymer was concentrated until solid residue, and the polymer was dried at ambient temperature and further in a vacuum oven to constant weight. Poly(AMPS-co-BHEAgraft-AMPS) prepared this way were identified as "C" series (C 90/10 , C 70/30 , C 50/50 
-).
Characterization 1 H-NMR spectra of the copolymers were recorded employing a UNITY INOVA VARIAN spectrometer at 300 MHz at room temperature using D 2 O as a solvent. Quantitative analysis of the copolymers was carried out by a standard procedure [50] . Composition of the copolymers was determined by comparing integral values of the characteristic signals of the corresponding monomer units in 1 H-NMR spectra.
SEC curves of the copolymers were obtained using an SEC instrument: Deltachrom pump (Watrex Comp.), autosampler Midas (Spark Instruments, The Netherlands), two columns with PL aquagel MIXED (8μ), separating in the range of molecular weights approximately 400-1 × 10 7 g mol -1 Light-scattering LASER photometer DAWN-DSPF, measuring at 18 angles, and Shodex RI-71 refractometer were the detectors and 0.1 M aqueous NaCl solution was employed as mobile phase at flow rate of 0.5 mL/min. The injection-loop volume was 0.1 mL.
